Abstract Unintentional weight loss (wasting) in the elderly is a major health concern as it leads to increased mortality. Several studies have focused on muscle loss, but little is known about the mechanisms giving rise to loss of fat mass at old ages. To investigate potential mechanisms, white adipose tissue (WAT) characteristics and proteomic profiles were compared between adult (10-12-month-old) and aged (22-24-month-old) wild-type mice. Four individual WAT depots were analyzed to account for possible depot-specific differences. Proteomic profiles of WAT depots, along with body weights and compositions, plasma levels of insulin, leptin and adiponectin, insulin tolerance, adipocyte sizes, and products of oxidative damage in each WAT depot were determined. We found that lean mass remained constant while fat mass and insulin tolerance were decreased in old age, as were adipocyte sizes in the WAT depots. Proteomic results showed increased levels of enolase, pyruvate dehydrogenase E1β, NAD + −dependent isocitrate dehydrogenase α, and ATP synthase subunit β, and decreased levels of carbonic anhydrase 3 in WAT of aged mice. These data suggest increased aerobic glucose oxidation in wasting WAT, consistent with AGE (2012) decreased insulin signaling. Also, Cu/Zn superoxide dismutase and two chaperones were increased in aged WAT depots, indicating higher stress resistance. In agreement, lipid peroxidation (HNE-His adducts) increased in old age, although protein oxidation (carbonyl groups) showed no increase. In conclusion, features of wasting WAT were similar in the four depots, including decreased adipocyte sizes and alterations in protein expression profiles that indicated decreased insulin sensitivity and increased lipid peroxidation.
Introduction
Very old age (>85 years) is generally characterized by unintentional weight loss that usually predicts all-cause mortality (Dorner and Rieder 2011; Miller and Wolfe 2008) . This "wasting" phenomenon includes loss of muscle mass (sarcopenia) and fat mass resulting in generalized frailty (Silver et al. 1993; Miller and Wolfe 2008) . Unintentional weight loss is a major health concern in the elderly population because of its detrimental effects on functionality and independence. Several reviews have focused on its possible causes and plausible therapeutic approaches (Clegg and Young 2011; Visvanathan and Chapman 2009; Thorner 2009; Hickson 2006; Roberts and Rosenberg 2006) . To date, the mechanisms leading to age-related sarcopenia have been widely investigated, but there is less information about the processes resulting in decreased fat mass in the elderly.
The mechanisms of fat loss have been investigated more in depth in cachexia, which is another condition that involves wasting. Cachexia is usually associated with underlying disease, such as cancer, chronic kidney disease, congestive heart failure, etc. (Hickson 2006) . Available data suggest that the loss of fat mass in cancer cachexia precedes the loss of muscle (Fouladiun et al. 2005) . Interestingly, trunk fat appears to decrease at a faster rate than fat in the limbs as cachexia progresses, suggesting depotspecific effects of WAT wasting (Fouladiun et al. 2005) . Studies have reported increased lipolysis, low lipoprotein lipase (LPL) activity, and low adipogenic signals as the underlying mechanisms that result in fat loss in cancer cachexia (Das et al. 2011; Bing and Trayhurn 2008; Agustsson et al. 2007 ). Consistently, adipocyte volumes decrease, while their number is conserved (Bing and Trayhurn 2008; Dahlman et al. 2010) . Even though age-related wasting is usually indicative of underlying disease (Miller and Wolfe 2008) , it is not clear if similar mechanisms as cachexia may induce wasting in the elderly.
We have previously reported that male C57BL/6J mice lose weight at old age (19-24 months) , and that the main component of this loss is represented by a decrease in fat mass (Berryman et al. 2010) . Characterizing the underlying mechanisms that lead to the loss of fat mass in aged mice may help understand unintentional fat loss in elderly humans. In a previous report, we characterized white adipose tissue (WAT) depots of adult (12 months old) C57BL/6J mice and reported several WAT depot-specific differences ). In the current study, we analyzed WAT depots of aged (24 months old) mice and compared them to our previous data. Four WAT depots (inguinal, retroperitoneal, mesenteric, and epididymal) were investigated, given the current appreciation of depot-specific differences and the reported influence of location on fat mass loss in humans Berryman et al. 2011; Cartwright et al. 2010; Tran et al. 2008; Wajchenberg et al. 2002; Kirkland et al. 1990 ).
Proteomic profiles of the WAT depots, along with body weight and composition, plasma levels of insulin, leptin, total and high molecular weight (HMW) adiponectin, insulin tolerance, adipocyte sizes and products of oxidative damage were measured. Our results showed that, while WAT depots are heterogeneous in nature, the effects of old age on WAT characteristics were similar among depots. The observed features of wasting WAT are consistent with decreased insulin sensitivity and increased reactive oxygen species (ROS) production in WAT depots of aged mice.
Methods

Mice
Male wild-type C57BL/6J mice (adult: 10-12; aged: 22-24 months old) were used in this study. WAT depot-specific proteomes, depot weights and protein contents, and adipocyte sizes of the adult group had been analyzed previously . All mice were kept under specific pathogenfree conditions on a 14/10-hour light/dark cycle, with normal chow (Prolab RMH 3000 LabDiet; PMI Richmond, Richmond, IN) and water provided ad libitum. Procedures were approved by the Ohio University Animal Care and Utilization Committee.
Body composition
Body composition was measured on live mice using a quantitative NMR apparatus (Minispec, Bruker Optics, Billerica, MA).
Plasma insulin, leptin and adiponectin and insulin tolerance tests Mice were fasted for eight to 12 h and blood from the tail vein was collected in heparinized tubes. Plasma was then separated by centrifugation at 7,000g for 10 min and stored at −80°C until processing. Insulin levels were measured using an ELISA kit from ALPCO Diagnostics, Salem, NH (80-INSMSU-E01). Leptin levels were quantified using an ELISA kit from R&D Systems, Inc., Minneapolis, MN (MOB00) or Crystal Chem Inc., Downers Grove, IL (90030). HMW and total adiponectin levels were measured using an ELISA kit from ALPCO Diagnostics (47-ADPMS-E01). Insulin tolerance tests (ITT) were performed on nonfasted mice using human insulin (Humulin-R, Ely Lilly, Indianapolis, IN) at 0.75 U/kg body weight. Mice were injected intraperitoneally and glucose was measured every 15 min for 1 h after injection.
WAT depot samples
Mice were sacrificed by cervical dislocation and inguinal, retroperitoneal, mesenteric and epididymal WAT were collected and weighed. Samples for proteomics (n=6 mice per age group) were snap frozen in liquid nitrogen and stored at −80°C until processing; samples for histology (n=6 mice per age group) were fixed in 10% phosphate buffered formalin.
Proteomic analysis
The procedures for 2-dimensional gel electrophoresis (2DE) were based on those described previously (Cruz-Topete et al. 2011a; Cruz-Topete et al. 2011b; Cruz-Topete et al. 2011c; Christensen et al. 2011; Sackmann-Sala et al. 2009; List et al. 2007; Qiu et al. 2005 ) and have been described in detail by Sackmann-Sala et al. (2011) . For sample homogenization, WAT samples were thawed and diluted in sample buffer (7 M urea, 2 M thiourea, 1% w/v sulfobetaine-10, 3% w/v CHAPS, 0.25% v/v Bio-Lyte 3/10 ampholytes (Bio-Rad Laboratories, Inc., Hercules, CA), and 1.5% v/v protease inhibitor cocktail (Sigma, St. Louis, MO)). Mechanical homogenization was followed by brief sonication, incubation at 35°C for 15 min, and centrifugation at 16,000g for 45 min at room temperature. Protein solutions were transferred to clean tubes after floating lipid layers were removed. Protein concentration in each WAT sample was measured using Bio-Rad Protein Assay. Protein content per gram of tissue was estimated based on the volume of homogenate and the initial weight of the sample. Details of the 2DE protocol used are included as Online Resource 1.
Mass Spectrometry (MS)
Protein spots displaying significant intensity changes between age groups and among WAT depots were manually excised from the gels and sent to Protea Biosciences Inc., Morgantown, WV for analysis by MS and tandem-MS (MS/MS) using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) and MALDI-TOF-TOF, respectively. These procedures have been described in detail in Sackmann-Sala et al. (2011) and are included as Online Resource 1. Data processing was performed using the software Applied Biosystems GPS Explorer v3.6 or ProteinPilot 3.0.
Protein identification (performed at Ohio University) Protein identities obtained by Protea Biosciences were verified or revised using the MS and MS/MS data obtained and the online software Mascot (www. matrixscience.com). Search parameters have been described previously and are included as Online Resource 1.
Oxidative stress products Protein carbonyls were measured as an indication of protein oxidation in WAT samples using an OxiSelect Protein Carbonyl ELISA kit (Cell Biolabs, Inc., San Diego, CA). Samples were homogenized as described for proteomics. Protein carbonyl content was determined by comparison to a standard curve prepared with reduced and oxidized BSA standards. HNE-His protein adducts, indicative of lipid peroxidation, were detected using an OxiSelect HNE-His Adduct ELISA kit (Cell Biolabs). HNE-protein adducts were quantified by comparison to a standard curve generated with predetermined HNE-BSA standards.
Histology and adipocyte sizing
Five-micrometer sections of paraffin-embedded WAT samples were stained with hematoxylin and eosin. Slides were examined using a Nikon Eclipse E600 microscope under 200×−400× magnification, and images from three non-overlapping fields were obtained with a SPOT RT digital camera. The mean adipocyte size (cross-sectional area) calculated for each WAT sample included all the adipocytes present in the three field images. Measurements were performed as described by Chen and Farese (2002) . For the estimation of adipocyte numbers, the crosssectional area of each adipocyte was converted to volume [4/3×Π×(area / Π) 3/2 ], and its mass was calculated based on the density of triolein (0.915 g/ml). Then, each WAT depot weight was divided by the mean adipocyte mass in that location to estimate the number of cells (Tchoukalova et al. 2010 ).
Statistical analysis
Data for body weight, body composition, plasma hormone levels and adipocyte size and number in each WAT depot were compared between age groups using a two-tailed independent samples t-test. The homogeneity of variances between groups was tested with Levene's test and when homoscedasticity was not met (P<0.05), t-test results were adjusted.
Spot intensity data were log-transformed. WAT depot weights, protein contents, protein carbonyls, HNE-His adducts, and log-transformed spot intensities were compared between age groups and among depots using a two-way ANOVA with one withinsubjects factor (depot) and one between-subjects factor (age). Sphericity was tested using Mauchly's method, and a Greenhouse-Geisser correction was applied when the assumption of sphericity was not met (P<0.05). When significant differences were found between age groups and/or among depots, Tukey's HSD post hoc tests were performed. The same tests were applied for the analysis of the effects of age on ITTs. Correlations were evaluated using the Pearson test.
Statistical significance cutoffs were P<0.01 for spot intensity differences between age groups and among depots (given the intrinsic variability of the 2DE technique) and P<0.05 for all other comparisons and for correlations. The softwares used were SPSS v14.0 and SigmaPlot v11; post hoc tests for nonspherical data were performed manually in Excel spreadsheets.
Results
Body weight, body composition, plasma hormone levels, and insulin tolerance Mean values for body weight, body composition and plasma levels of insulin, leptin, total and HMW adiponectin for the adult and aged groups are shown in Table 1 . Although body weight and lean mass remained very similar between groups, fat mass was significantly decreased in aged compared to adult mice, resulting in significant differences in percent fat and percent lean mass between age groups. Because lean mass includes more than skeletal muscle, the weights of liver, heart and kidney were recorded at dissection and compared between groups. No significant changes were detected in the weights of these organs between adult and aged animals (data not shown). Plasma insulin and adiponectin (HMW and total) levels were significantly lower in the aged group, and a similar trend was observed for leptin levels, although the difference did not reach significance. Moreover, ITTs showed that mice undergoing WAT wasting had a significantly decreased response to insulin (Fig. 1a) .
Depot-specific weight and protein content When depot weights for both 12-and 24-month-old mice were analyzed, there was a significant decrease in all depot weights with age (P=0.019) (Fig. 1b) . Among WAT depots, mean weight was significantly higher in the epididymal depot than the others, and the inguinal depot was significantly larger than the retroperitoneal one. The decrease with age was more marked in the epididymal depot, which in aged mice displayed a similar weight to the inguinal depot. Regarding protein content per gram of tissue, there were trends to increase in wasting WAT depots, but this increase was only significant in the retroperitoneal depot (P=0.011 for age×depot interaction). Also, mesenteric and retroperitoneal WAT showed higher levels of protein content than inguinal and epididymal depots (Fig. 1c) .
Correlations of hormone levels to total and depot-specific fat mass
We evaluated correlations between the levels of insulin, leptin, total and HMW adiponectin with total and depotspecific fat masses. Leptin levels in adult and aged mice correlated positively with total fat mass (r 2 =0.77, n=10, P=0.001; r 2 =0.93, n=10, P<0.001, respectively), as shown in Online Resource 2. Interestingly, insulin, total and HMW adiponectin levels correlated positively with fat mass in the aged group only (insulin: r 2 =0.58, n=10, P=0.011; total adiponectin: r 2 = 0.54, n=10, P=0.015; HMW adiponectin: r 2 =0.51, n=10, P=0.020) (Online Resource 2). Similarly, only in aged mice, the weights of the individual WAT depots correlated significantly and positively with the levels of insulin and leptin (Online Resource 3). In contrast, in adult mice, the only significant correlations found were between the weights of the mesenteric and inguinal WAT depots and circulating leptin levels (Online Resource 3). Correlations between insulin and leptin were also significant in aged mice only (Online Resource 3).
Adipocyte size and number Mean adipocyte sizes in WAT depots of the adult group have been reported (Sackmann-Sala et al. 2011) Aged (n=13-23) P-value (Fig. 2a) . Adipocyte numbers increased reciprocally with wasting, reaching significance in mesenteric and epididymal depots (Fig. 2b) .
Effects of age on WAT proteomes
WAT samples from four WAT depots of 24-month-old mice were resolved by 2DE and compared to the samples from 12-month-old mice analyzed previously . The intensities of 169 spots that could be distinguished clearly and matched among all gels were evaluated. Twenty spots showed significant effects of age (wasting) and four displayed significant interactions of age×depot ( Fig. 3 and Online Resources 4 to 6). Using MS and MS/MS, 18 unique proteins were identified that displayed significant agedependent intensity changes, with some spots representing slightly modified isoforms of the same protein (Online Resource 7). These isoforms probably result from posttranslational modifications, which generate subtle changes in the pI and/ or molecular weight of the proteins. Two spots (2 and 7) could not be identified, probably because of the low protein amount present in these spots. Table 2 summarizes the proteins identified, how they were affected by wasting, and their biological functions (generation of ATP, glucose and lipid metabolism, lipid transport, stress resistance, cytoskeleton structure, etc.). and protein content of adult and aged mice. Data shown are the mean±SE. a Insulin tolerance was tested on 10-month-old mice (solid line, n=6) and 22-month-old mice (dotted line, n=10) and significant effects of age (P=0.049) were found. b WAT depot weight means for 12-month-old mice (black bars, n=12) and 24-month-old mice (white bars, n=14). A two-way ANOVA showed a significant effect of age (P=0.019), depot (P<0.001) and age×depot interaction (P=0.020) for depot weight. c Protein content in WAT depots of 12-month-old mice (black bars, n=6) and 24-month-old mice (white bars, n=6). A two-way ANOVA showed a significant effect of depot (P< 0.001) and significant age×depot interaction (P=0.011) with no effect of age
Products of oxidative damage
Lipid peroxidation and protein oxidation were measured in the WAT depots as 4-hydroxynonenal (HNE)-His adducts and protein carbonyl content, respectively (Halliwell and Whiteman 2004) . HNEprotein adducts were significantly higher in wasting WAT depots (P=0.021) when compared to adult tissue, with no depot effect or age×depot interaction (Fig. 4a) . In contrast, protein carbonyl content was not different between age groups but showed significant effects of depot (P<0.001) and significant interaction of age×depot (P<0.001). Post hoc tests showed protein carbonyl levels to be significantly higher in inguinal WAT than in the other depots, and the retroperitoneal and epididymal depots to be higher than mesenteric WAT. Also, retroperitoneal WAT showed a significant decrease in protein carbonyl content in aged compared to adult animals ( Fig. 4b ).
Discussion
The goal of this study was to analyze the characteristics and proteomic profiles of WAT depots from aged mice, in order to identify possible mechanisms of age-related fat loss. Healthy adult mice (10-12 months old) were compared to old mice (22- Fig. 3 Representative 2D-gel of WAT showing spots that displayed significant intensity differences (P<0.01) between age groups (20 spots) or significant interaction of age × depot (four spots, marked with an asterisk). Numbered labels correspond to protein identities shown in Table 2 . The right panel shows 3D views of intensity peaks for spots 5b and 12, as examples of age-related changes in WAT. Images were obtained using the 3D viewer tool from PDQuest, which converts spot intensity data to topographical peaks and valleys 24 months old). The 22-24-month-old group represents a stage of healthy aging in mice, given that after 24 months of age, more than 50% of ad libitum fed C57BL/6 mice develop cancer (Ikeno et al. 2009 ). To avoid the presence of this confounding factor, we did not include mice older than 24 months in our study. Based on longitudinal data in this strain of mice (Berryman et al. 2010) , the two age groups studied represent a period of fat accumulation in adulthood (10-12-month-old mice) and a period of fat loss at older age (22-24-month-old mice). Despite the old age of mice in the 22-24-month-old group, only fat mass (and not lean mass) decreased in that group, consistent with previous studies (Berryman et al. . Spot labels correspond to the gel locations shown in Fig. 3 . When effects were specific to individual isoforms, the affected isoforms are indicated 12 mo 12 months old, 24 mo 24 months old, Epi epididymal, Ing inguinal, Mes mesenteric, RBP4 retinol binding protein 4, Ret retroperitoneal a Spots 1, 3 and 5a contained a mixture of two proteins; thus, they are each listed under two protein identities (however, the intensity changes observed could be due to variation in both or only one of the proteins in the mixture) 2010; Bonkowski et al. 2006) . Others have reported decreases in skeletal muscle mass in C57Bl/6 J mice, but at later ages (28-32 months) (Muller et al. 2007b) . Therefore, the loss of fat mass seems to take place at an earlier time point than the loss of muscle mass in aging mice. The importance of fat mass in maintaining functionality in the elderly population often is not recognized (Morley 2007) , and it is the decrease in lean mass that has received most of the attention (Clegg and Young 2011; Visvanathan and Chapman 2009; Miller and Wolfe 2008; Hickson 2006; Roberts and Rosenberg 2006) . However, paradoxically beneficial effects of obesity in elderly subjects are now starting to be appreciated (Dorner and Rieder 2011) . These findings are still controversial and might be affected by selection bias, as suggested by a recent report (Singh et al. 2011) . In any case, the existence of a cause-effect relationship between fat mass loss and health span in advanced age is a topic of current debate. More research is needed to establish whether fat loss may initiate the causes of disease and death or if underlying disease, leading to death, may trigger a decrease in fat mass. Together with the decreased fat mass, circulating levels of insulin, leptin, and total and HMW adiponectin were all decreased in aged/wasting mice, although the differences in leptin did not reach significance. In agreement, lower insulin and leptin levels have been reported for weight loss in humans (Agustsson et al. 2007 ). Although insulin secretion was not measured in this study, decreased insulin secretion in old age could account for the lower insulin tolerance observed in the wasting group. Decreased adiponectin action in aged mice was consistent with their decreased response to insulin in an ITT. Overall, these data reflect the insulin resistant state generally associated with old age (Narimiya et al. 1984; DeFronzo 1981) . Interestingly, the [HMW/ total adiponectin] ratio was significantly lower in aged compared to adult mice, supporting a role for HMW adiponectin as the insulin-sensitizing form of this hormone (Kaser et al. 2008) . However, the ratio of [total adiponectin/leptin], another suggested indicator of insulin sensitivity ) tended to increase in aged mice compared to the adult group. Therefore, this ratio might not be a good indicator of insulin sensitivity in older/wasting mice. Of note is that total adiponectin levels appear to increase and not decrease in elderly humans (Kizer et al. 2010) .
Correlations were tested between fat mass and the four plasma hormone levels measured. Strong positive correlations between fat mass and plasma levels of insulin, and total and HMW adiponectin were observed only in the aged group. This might be due to the wider range of fat mass observed in the aged group compared to the adult group (~2-20 g vs.~6-16 g, respectively). Perhaps, a wider distribution of fat mass amplified existing differences between low and high values, allowing them to become apparent. Other possible reasons for the respective absence/presence Oxidative damage products measured in WAT depots of 12-and 24-month-old mice (black and white bars, respectively). Data shown are the mean±SE for five male mice. a HNE-protein adducts were significantly different between age groups (P= 0.021), with no effect of depot or age × depot interaction. b Protein carbonyl content showed no differences between age groups, except for a decrease with age in the retroperitoneal WAT depot (age × depot interaction P<0.001). On the other hand, differences among depots showed the highest levels in inguinal WAT, followed by retroperitoneal and epididymal WAT, and lowest in the mesenteric depot (P<0.001)
of correlations between hormone levels and fat mass in adult/aged mice are intriguing and deserve further investigation. Regarding leptin and insulin, the observed correlations with fat mass were consistent with previous data (Considine et al. 1996; Frederich et al. 1995; Maffei et al. 1995; Carantoni et al. 1998 ). However, for circulating adiponectin, an inverse relationship with body fat mass is usually observed (Kaser et al. 2008) . Also, although mainly related to advanced disease states, adiponectin levels increase in cachexia and may predict mortality (Diez and Iglesias 2010) . Thus, the finding of a positive correlation between adiponectin levels and body fat in our study was surprising. One possible reason for our findings might be that the mice studied did not have excessive abundance of body fat. It is possible that the negative association between adiposity and adiponectin levels develops only when increases in body fat are drastic or when insulin sensitivity is severely affected, as seen in ob/ob and db/db mice (Hu et al. 1996; Yamauchi et al. 2001) .
The weights of the four WAT depots analyzed were lower in the aged group than in adult mice, with a reciprocal increased trend in protein content. We also recorded a reduction in cell size but increased cell numbers in aged mesenteric and epididymal WAT depots, with similar trends in retroperitoneal and inguinal WAT. These results are consistent with changes observed with age in cell numbers and sizes in WAT of guinea pigs (Pond et al. 1986 ). Voluntary or involuntary weight loss in humans is also related to decreased adipocyte sizes with no apparent change in adipocyte number (Arner and Spalding 2010) . Thus, increased protein content per gram of tissue might be associated with the loss of lipid in wasting adipocytes, resulting in a relative increase in WAT protein content in all depots.
When the protein profiles of WAT depots from 24-month-old mice were resolved and compared to those of 12-month-old mice to investigate the mechanisms leading to fat loss in old age, interesting differences in various proteins were found. Increased levels of ENO, pyruvate dehydrogenase E1 subunit β (PDHE1-B), isocitrate dehydrogenase [NAD + ] α (Idh3α), and ATP synthase subunit β in WAT of aged mice might suggest higher rates of glycolysis, conversion of pyruvate to acetyl-CoA, Krebs cycle, and enhanced ATP synthesis via oxidative phosphorylation, respectively. Furthermore, increased levels of epidermal fatty acid binding protein (E-FABP) in aged WAT are consistent with increased lipolysis and decreased lipogenesis (Hertzel et al. 2002) , which also agree with the observed age-dependent decreases in adipocyte size and insulin sensitivity. In addition, decreased intensity of two carbonic anhydrase 3 (CA-III) isoforms could reflect a lower rate of anabolic reactions (de novo fatty acid synthesis or glyceroneogenesis), given the proposed function of this enzyme as a bicarbonate donor in these pathways (Herbert et al. 1983; Herbert and Coulson 1984; Coulson and Herbert 1984) . Recently, lipolysis, Krebs cycle, the electron transport chain and oxidative phosphorylation were found to be increased in human cancer cachexia (Dahlman et al. 2010) . The authors of that study suggested that these changes, which are consistent with our findings in aged WAT, might be due to weight loss and not disease-related. Although more data in WAT are lacking, in agreement with our results, increased levels of ENO, Idh3, ATP synthase subunits, E-FABP and decreased levels of CA-III have been reported for skeletal muscle wasting in aging rats (Donoghue et al. 2010; O'Connell and Ohlendieck 2009; Doran et al. 2009 ). Thus, increased catabolism might be a general characteristic of very old age leading to tissue wasting. Related to this, lower food intake has been reported for elderly humans as well as aged rats (Frutos et al. 2010; Visvanathan and Chapman 2009) , and might represent one cause of activation of catabolism in old age. However, food intake was not measured in our mice.
Proteins with recognized stress-resistant functions were increased in wasting WAT, including Cu/Zn superoxide dismutase and two chaperones: peptidylprolyl cis-trans isomerase A and endoplasmic reticulum resident protein 29. Increased levels of these proteins are consistent with higher rates of aerobic glucose oxidation (as suggested by our proteomic data), which would result in elevated ROS production. Given that increased oxidative stress is widely associated with aging (reviewed by Muller et al. 2007a) , we evaluated the balance between oxidative stress and stress-resistant proteins, looking for evidence of oxidative damage in the WAT depots. HNEprotein adducts and protein carbonyl content were measured as indicators of lipid peroxidation and protein oxidation, respectively (Halliwell and Whiteman 2004) . All depots showed increased lipid peroxidation in aged when compared to adult mice.
However, protein oxidation appeared to remain the same or even decrease with age in certain WAT depots. Thus, interestingly, oxidative stress seems to affect lipids and proteins in WAT to different degrees. Inconsistencies between oxidative damage on lipids and proteins in WAT depots have been reported previously (Galinier et al. 2006) . After measuring several antioxidant enzymes in~3-month-old lean Zucker rats, Galinier et al. (2006) concluded that the epididymal depot was subject to higher oxidative stress in the lipophilic compartment than inguinal WAT; and conversely, the hydrophilic compartment remained in a more reduced state in the epididymal than the inguinal WAT depot. These results are consistent with our data, where inguinal WAT showed high protein oxidation compared to the other depots. Also, there was a trend for increased lipid peroxidation in epididymal compared to inguinal adult WAT. However, the differential effects of age on oxidative damage of lipids and proteins in individual WAT depots is novel and worthy of further study. For instance, given the particularly high lipid content of this tissue and the superior diffusion capacity of lipid-derived reactive species, lipid oxidation might be more harmful than protein oxidation in WAT. Also, emerging data suggest a role for protein carbonylation and decarbonylation in cell signaling (Wong et al. 2010) , which could play an important role in WAT physiology.
Apart from the observed effects of age, several proteins showed depot-specific differences in intensity in both age groups by proteomics (actin, CA-III, apolipoprotein A-I, hemoglobin β-1, transgelin, myosin regulatory light polypeptide 9-data not shown). Overall, these differences were consistent with our previous analysis of 12-month-old wild-type mice ) and did not show clear changes with wasting.
Finally, it should be noted that although our results showed similar age-related changes in the four studied WAT depots, we did not analyze the different cell populations present in WAT separately. The dynamics of cell populations within WAT are expected to change with age, as has been reported, for example, for preadipocytes (Kirkland et al. 1990) . It remains to be evaluated where in WAT the wasting changes take place (adipocytes, preadipocytes, immune cells, endothelium, etc.) and whether depot differences would arise when the effects of wasting are studied individually in each cell population. In addition, the animals in this study were not checked for pathologies. Although most 24-month-old mice are healthy, the presence of agerelated diseases that could affect our results cannot be ruled out. Previous studies indicate that at the time of death, old mice mainly display neoplasias (lymphomas, adenocarcinomas of the lung, etc.) and glomerulonephritis (Ikeno et al. 2009 ). The impact of these pathologies on WAT and wasting warrants further study.
In summary, when adult and aged wild-type mice were compared, there were no differences in body weight or lean mass, but fat mass was significantly decreased in the aged group. Circulating hormone levels (insulin, leptin, and total and HMW adiponectin) were also decreased in the aged group, and WAT depots displayed decreased adipocyte sizes and increased cell numbers. Regarding protein expression profiles, several differences were found in WAT between age groups. Overall, metabolism in wasting WAT might be shifted towards the aerobic oxidation of glucose via glycolysis, Krebs cycle and the electron transport chain, with ATP generation via oxidative phosphorylation. Also, fatty acid and triglyceride synthesis might be decreased and lipolysis and stress resistant proteins increased, consistent with the impaired insulin sensitivity and increased ROS production observed at old age. Lipid peroxidation was elevated in old age, whereas protein oxidation showed no age-specific increase. In general, our data suggest that the individual WAT depots undergo similar changes in their response to insulin and oxidative stress with advancing age/wasting. Further research will help establish causative relations between the changes in the identified protein levels of WAT and the fat loss observed in aged mice and possibly humans. Also, these proteins/pathways might ultimately become putative targets for treatment and/ or diagnostic markers of wasting, whether related to age or underlying disease.
